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[57] ABSTRACT

A photovoltaic cell for use in a single junction or multi-
junction photovoltaic device, which includes a p-type
layer of a semiconductor compound including silicon,
an 1-type layer of an amorphous semiconductor com-
pound including silicon, and an n-type layer of a semi-
conductor compound including silicon formed on the
1-type layer. The i-type layer including an undoped first
sublayer formed on the p-type layer, and a boron-doped

-second sublayer formed on the first sublayer.

N

21 Claims, 4 Drawing Sheets
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PHOTOVOLTAIC DEVICE INCLUDING A BORON
DOPING PROFILE IN AN I-TYPE LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mnvention relates in general to photovol-
taic devices and their method of manufacture. More
particularly, the present invention relates to amorphous
silicon photovoltaic devices constructed to have an
improved efficiency.

2. Description of the Related Art

Photovoltaic (PV) devices are used to convert radia-
tion, such as solar, incandescent, or fluorescent radia-
tion, into electrical energy. This conversion is achieved
as a result of what is known as the photovoltaic effect.
When radiation strikes a PV device and is absorbed by
an active region of the device, pairs of electrons and
holes are generated. The electrons and holes are sepa-
rated by an electric field built into the device.

In accordance with a known construction of solar
cells using amorphous silicon, the built-in electric field
is generated in a structure consisting of p-type, intrinsic
(i-type) and n-type layers (p-i-n) of hydrogenated amor-
phous silicon (a-Si:H). In PV cells having this construc-
tion, the electron-hole pairs are produced in the i-type
layer of the cell when radiation of the appropriate
wavelength 1s absorbed. The separation of the electrons
and holes occurs under the influence of the built-in
electric field, with the electrons flowing toward the
region of n-type conductivity and the holes flowing
toward the region of p-type conductivity. This flow of
electrons and holes creates the photovoltage and photo-
current of the PV cell.

It is important that the semiconductor material used
for making a PV device is capable of absorbing and
converting to useful electrical energy as much of the
incident radiation as possible in order to generate a high
yield of electrons and holes. In this regard, amorphous
silicon is a desirable material for use in PV devices since
it is capable of absorbing a high percentage of the inci-
dent radiation relative to other materials used in the
construction of PV cells, such as polycrystalline silicon.
In fact, amorphous silicon is capable of absorbing about
40% more of incident radiation than polycrystalline
silicon.

The mobility (u) x lifetime (7) products of the photo-
generated electrons and holes are also important char-
acteristics for the semiconductor material used in a PV
cell because small ur products result in a greater num-
ber of electrons and holes that will recombine before
being collected.

The structure of a p-i-n photovoltaic device 100 con-
structed in accordance with the prior art i1s shown 1n
FIG. 1. PV device 100 includes a transparent substrate
110; a transparent conductive layer 120; a PV cell 125
having a p-type layer 130, an i-type layer 140, and an
n-type layer 150; and a reflective conductive layer 160.

With respect to the above noted p-i-n type amor-
phous silicon PV cell 100 as presently known 1n the art,
the undoped (intrinsic or i-type) layer 140 between
p-type layer 130 and n-type layer 150 is proportionally
much thicker than the p-type and n-type layers. The
I-type layer 140 serves to prevent the radiation-
generated electrons and holes from recombining before
they can be separated by the built-in electric field. This
structure is generally referred to as “p-i-n” if the radia-
tion is incident on p-type layer 130, and “n-i-p” 1if the
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radiation is incident on n-type layer 150. However, the
use of amorphous silicon as a photovoltaic material is
still hampered by the relatively short lifetime of the
photo-generated carriers in the i-type layer 140.

The performance of a PV device can, in part, be
characterized by a quantum efficiency (QE), which is
defined as the ratio of the number of electron-hole pairs
actually collected, i.e., contributing to the generated
photocurrent, to the number of incident photons.

The QE decreases as an external forward bias voiltage
is applied to the device causing a reduction in the built-
in electric field. Thus, the ratio of the QE measured at
a given forward bias to that at a short circuit condition
(zero bias) indicates the effectiveness of the device for
collecting photocarriers under a reduced built-in elec-
tric field. Furthermore, the QE varies as a function of
the wavelength and can be measured as a function of the
wavelength of the incident radiation which determines
the average location where the electron-hole pairs are
generated inside the PV device.

For example, the shorter wavelengths of the incident
radiation, such as corresponding to blue light, are typi-
cally absorbed in i-type layer 140 near the outermost
interface, i.e., the interface first encountered by the
incident radiation (the p-i) interface in the p-i-n PV
device, and the n-i interface in the n-i-p PV device). The
longer wavelengths, such as corresponding to red light,
are absorbed uniformly in i-type layer 140 and thus
cause a large fraction of photocarriers to be distributed
between the midpoint thereof and the innermost inter-
face of the PV device (the i-n interface in the p-i-n PV
device, and the i-p interface in the n-i-p PV device).
Thus, the longer the wavelength of the incident radia-
tion, the greater the depth within i-type layer 140 at
which the radiation is absorbed.

An amorphous silicon p-i-n type PV device having an
i-type layer 140 that is not doped typically suffers from
poor response to red light because the transport of holes
under the weak electric field in the middle of i-type
layer 140 is much poorer than that of electrons. There-
fore, prior to the present invention, there have been
efforts to modify the distribution of the built-in electric
field across i-type layer 140 in order to improve the
efficiency of the PV device, and in particular, the re-
sponse to red hght.

One known technique modifying for the distribution
of the electric field across i-type layer 140 is to uni-
formly trace dope i-type layer 140 with boron. This
technique is disclosed by T. D. Moustakas, H. P.
Maruska, R. Friedman, and M. Hicks in their article
“Effect of Boron Compensation on the Photovoltaic
Properties of Amorphous Silicon Solar Cells” published
in Applied Physics Letters, Vol. 43, No. 4, pp. 368-370,
on Aug. 15, 1983. Because an undoped i-type layer 140
1s normally slightly n-type, the electric field across such
an undoped 1-type layer is strongest near the p-i junc-
tion. By providing a level of uniform boron trace dop-
ing, i-type layer 140 becomes slightly p-type, thus mov-
ing the strongest region of the electric field nearer to
the n-i junction. By adjusting the level of trace boron
doping 1n this manner, the spectral response of the col-
lection efficiency can be altered. However, because
uniform boron trace doping results in regions in i-type
layer 140 having strong electric fields, other regions of
1-type layer 140 have relatively low electric fields.

In accordance with another known technique, low
electric field regions in i-type layer 140 are minimized
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by providing a graded boron doping profile. Such a
graded boron doping profile of i-type layer 140 is typi-
cally linear and has a decreasing concentration of boron
from the p-i interface to the n-i interface. This technique
is disclosed by P. Sichanugrist, M. Konagai, and Kiyo-
shi Takahashi in their article “Modeling and Experi-

mental Performance of Amorphous Silicon Solar Cells

with Graded Boron-Doped Active Layers” published
in Solar Energy Materials, Vol. 11, pp. 3544, in 1984. In
accordance with this practice, i-type layer 140 is doped
with boron with a graded profile extending between the
p-i and n-i interfaces such that it is slightly p-type at the
p-i interface and slightly n-type at the n-1 interface. As a
result, the electric fields at the interfaces are reduced
and the built-in electric field is more uniformly distnib-
uted throughout i-type layer 140. By providing a uni-
form electric field throughout i-type layer 140, the re-
gions having low electric fields are minimized, as is the

likelihood that the electrons and holes traveling

through such regions will recombine.

The above described techniques have been adopted
based on the belief that the electric field distribution in
the i-type layer needs to be modified. However, none of
the above techniques based on this belief have resulted
in an amorphous silicon PV device with a significantly
increased overall efficiency.

Further, the present inventor has observed that the
“above described techniques involve doping i-type layer
140 proximate the p-i interface which, disadvanta-
geously, results in a decrease in the electric field at the
p-i interface. A decrease in the electric field at the p-i
interface in a p-i-n type PV device results in a decrease
in its response to blue light. This is because blue light is
absorbed in the region near the p-i interface and elec-
trons generated by the blue light may not be subjected
to a sufficiently strong electric field in that region to
cause them to travel the entire width of i-type layer 140
to be collected at n-type layer 150. Thus, although the
above described techniques may provide an improved
response to red light as compared to an amorphous
silicon PV device having an undoped i-type layer 140,
the response to blue light and the overall efficiency of
the PV device is actually reduced. |

SUMMARY OF THE INVENTION

The present invention has been made in view of the
above circumstances and has as an object to provide an
amorphous silicon photovoltaic device having an in-
creased overall efficiency.

A further object of the present invention is to provide
a photovoltaic device having improved red light re-
sponse as represented by a higher forward to zero bias
QE ratio throughout the 560-1,000 nm spectral range.

Another object of the present invention is to provide
an amorphous silicon photovoltaic device having a
novel boron doping profile. -

Additional objects and advantages of the invention
will be set forth in part in the description which follows
and in part will be obvious from the description, or may
be learned by practice of the invention. The objects and
advantages of the invention may be realized and at-
tained by means of the instrumentalities and combina-
tions particularly pointed out in the appended claims.

To achieve the objects and in accordance with the
purpose of the invention, as embodied and broadly
described herein, a photovoltaic cell comprises a p-type
layer of a semiconductor compound including silicon;
an i-type layer of an amorphous semiconductor com-
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pound including silicon, the i-type layer including an
undoped first sublayer formed on the p-type layer, and
a doped second sublayer formed on the first sublayer;
and an n-type layer of a semiconductor compound in-

cluding silicon and formed on the i-type layer.
It is to be understood that both the foregoing general
description and the following detailed description are

exemplary and explanatory only and are not restrictive

of the invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illus-
trate several embodiments of the invention and, to-
gether with the description, serve to explain the princi-
ples of the invention. In the drawings,

"FIG. 1 is a cross-sectional view of a photovoltaic
device constructed in accordance with the prior art;

FIG. 2 is a cross-sectional view of a photovoltaic
device constructed in accordance with a first embodi-
ment of the present invention;

FIG. 3 is a graph showing the doping concentration

‘of boron in an i-type layer in the photovoltaic cell

shown in FIG. 2; and the corresponding energy band
diagram.

FIG. 4 is a graph showing quantum efficiency ratio as
a function of the wavelength of incident radiation for
the photovoltaic device shown in FIG. 2 and for a
photovoltaic device having an undoped i-type layer;

FIG. 5 is a cross-sectional view of a photovoltaic
device constructed in accordance with a second em-
bodiment of the present invention; and

FIG. 6 is a cross-sectional view of a multijunction
photovoltaic device constructed in accordance with the
present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Reference will now be made in detail to the present
preferred embodiments of the invention, an example of
which is illustrated in the accompanying drawings.

As discussed above, the techniques used to increase
the efficiency of an amorphous silicon PV cell are all
based on the belief that the distribution of the electric
field in the i-type layer needs to be modified. However,
the present inventor has discovered that low-level
boron doping can significantly improve the lifetime of
the holes in the i-type layer. Therefore, an object of the
present invention is to improve the transport of holes in
the middle of the i-type layer by increasing the hifetime
of holes instead of modifying the electric field in this
region.

A PV device constructed in accordance with the

- present invention is of the p-i-n or n-i-p type and in-

35

63

cludes an i-type layer having an undoped portion be-
tween the p-1 interface and a doped portion of the i-type
layer so that the electric field and the electron lifetime
at the p-i interface where blue light is absorbed, are not
reduced. As a result, the benefits of doping a portion of
the i-type layer to increase the response of the PV de-
vice to red light can be realized without significantly
reducing its response to blue light.

FIG. 2 shows a cross-sectional view of a p-i-n PV
device 200 constructed in accordance with a first em-
bodiment of the present invention. PV device 200 in-
cludes a transparent substrate 210, a transparent con-
ductive layer 220, a p-type layer 230, and an i-type layer.
235 consisting of an undoped first sublayer 240, a boron-



S
doped second sublayer 250, and an undoped third sub-

layer 260. PV device 200 further includes an n-type
layer 270 and a reflective conductive layer 280.

Transparent substrate 210 may be comprised of any
material transparent to the radiation to which the PV 5
device will be subjected, the preferred material being
~ glass. Transparent conductive layer 220 is formed by
coating a thin film of a transparent conductive oxide,
such as tin oxide, on transparent substrate 210 using the
chemical vapor deposition (CVD) technique. P-type 10
layer 230 is deposited on transparent conductive layer
220 using DC plasma-assisted chemical vapor deposi-
tion. Preferably, p-type layer 230 comprises SiC con-
taining a uniform boron concentration on the order of
5% 1019 atoms/cm?, and a thickness in the range of 100 15
to 120 A. To obtain the preferred p-type layer 230, a
mixture of SiHs+ CHs+ BaHg is used as the source gas,
which has a flow rate set at 200 sccm/min.

After the deposition of p-type layer 230, the deposi-
tion process is terminated and followed by a long flush 20
(approximately 20 min.) using the gas mixture to be used
for the deposition of undoped first sublayer 240 of i-type
layer 235. This flush eliminates the possibility of resid-
ual boron contamination in the deposition of the i-type
layer 235. The i-type layer 235 is then deposited on 25
 p-type layer 230 using DC plasma-assisted chemical
vapor deposition. The i-type layer 235 may be formed
of any one of various compounds of amorphous stlicon
(a-Si) such as a-Si;.yGey:H or a-Si;.yCx:H, but is pref-
erably formed of a-Si:H. To form i-type layer 235 of 30
a-Si:H, SiH4 at a flow rate approximately 200 sccm/min
is used as the source gas mixture. Undoped first sublayer
240 of i-type layer 235 is deposited on p-type layer 230
until it reaches a thickness between 500 to 3,000 A, at
which point the plasma deposition is interrupted. 35

To form boron-doped second sublayer 250, the
plasma deposition is resumed wherein a low flow of a
boron containing gas such as BoHg, BF3, or, preferably,
B(CH3)3, is mixed with the SiH4 source gas mixture.
The flow of the boron containing gas may be varied 40
during the deposition of boron-doped sublayer 250 in
order to produce a graded doping proftle. However, it
~ is preferred to maintain the flow of the boron containing
gas substantially constant. The boron doping concentra-
tion ranges up to 5 1017 atoms/cm?, and is preferably 45
2 % 1016 atoms/cm3. To Obtain this boron doping con-
centration the flow rate of the SiHg4 source gas is set at
200 sccm/min, and the flow rate of the boron source gas
is set at 5X 10—3 sccm/min. When boron-doped second
sublayer 250 reaches a thickness 1n the range of 500 to 50
4000 A, the flow of the boron containing gas is stopped,
and the deposition using the SiHg source gas mixture for
the i-type layer continues in order to form undoped
third sublayer 260. The flow rate of the SiHj4 source gas
for undoped third sublayer 260 is set at 200 sccm/min. 55
‘The deposition of undoped third sublayer 260 1s stopped
when the overall thickness of the i-type layer reaches
the desired overall thickness which is in the range of
2,000 to 10,000 A. The thickness of undoped third sub-
layer is in the range of 0 to 3,000 A. 60

After completion of the deposition of i-type layer
235, n-type layer 270 is deposited on i-type layer 233
using DC plasma-assisted chemical vapor deposition.
N-type layer 270 may be formed of a semiconductor
material including hydrogenated amorphous silicon and 65
phosphorous. The source gas mixture to form n-type
layer 270 preferably consists of SiH4 and PH3, having
respective flow rates of 220 sccm/min. and 5 sccm/min.
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When the thickness of n-type layer 270 reaches 200 to
300 A, the deposition of n-type layer 270 is completed.

After the deposition of n-type layer 270 is completed,
reflective conductive layer 280 is deposited on n-type
layer 270. Reflective conductive layer 280 comprises a
dielectric/metal reflective material, such as ITO/Ag,
and has a thickness of approximately 2000 A. The ITO-
/Ag layer may be formed by electron beam evapora-
tion.

An example of a photovoltaic device constructed in
accordance with this embodiment, includes: a glass
substrate having a thin 7,000 A tin oxide coating formed
on one side to serve as a transparent conductive layer
and a p-type S1C boron-doped layer having a thickness
of 100 A formed on the tin oxide coating; an i-type
layer, formed on the p-type layer, having an overall
thickness of 5,000 A and having first, second, and third
sublayers each having a thickness of approximately
1673 A; an n-type layer, formed on the i-type layer
having a thickness of 200 A; and a reflective conductive

layer, deposited on the n-type layer, having a thickness

of approximately 2000 A,

FIG. 3 shows an exemplary profile of the doping
concentration of boron relative to the position in the

photovoltaic cell shown in FIG. 2. As is apparent from

FI1G. 3, only p-type layer 230 and boron-doped second
sublayer 250 are doped with boron, and the boron dop-

ing concentration of p-type layer 230 is much higher
than the boron doping concentration of boron-doped
second sublayer 250.

FIG. 4 i1s a graph showing the quantum efficiency
ratio plotted as a function of the wavelength of incident
light for the photovoltaic device shown in FIG. 2 (solid
line) and for a photovoltaic device, serving as a control
for companison purposes, having an undoped i-type
layer (broken line). As seen in the graph, the photovol-
taic device having the structure shown in FIG. 2 has a
clearly improved quantum efficiency ratio for the
longer wavelengths. |

Table 1 lists the device parameters of two pairs of
actually constructed PV devices. Each pair included a
control cell made without any boron doping in the
i-type layer, and a photovoltaic cell having the struc-
ture shown mm FIG. 2 including a uniform 0.4 ppm
boron doping in boron-doped second sublayer 250 of
i-type layer 235. The i-type layers of the devices had a
thickness of approximately 5400 A, in which the middle
one-third of the layers were doped with boron to a
concentration of approximately 2X 1016 atoms/cm3.
The pairs of PV devices were made consecutively
within the processing apparatus to minimize any differ-
ences that could otherwise result from variations occur-
ring in fabrication.

TABLE 1
Cell # Vo (V) Jse(mA/cm?) F.F. 7
1. Contro! 0.85 16.4 0.64  8.9%
2. w/boron 0.86 17.1 0.66 9.7%
3. Control 0.RS 16.1 0.64 8.89%
4. w/boron 0.84 16.5 0.67 0.5¢%

As i1s apparent from Table 1, cell #,s 2 and 4 made in
accordance with the present invention exhibited signifi-
cant improvements in the short circuit current density
Js, fill factor F. F., and overall efficiency 7. As used
herein, the fill factor F. . of the PV device is defined as
the ratio Vpplmp/YscVor, Where Vipand I, are respec-
tively the voltage and current at maximum power deliv-



5,256,887

7

ery of the PV cell, and V. and I, are respectively the
maximum voltage and current achievable in the PV
cell. The efficiency n was determined by the ratio of
delivered electrical power, V,uplmp, to that of the sun-

light incident upon the device.
As will now be apparent to those skilled in the art,
certain modifications can be made to the above-

described first embodiment of the present invention
without departing from the scope or spirit of the inven-
tion. For example, because the existence of undoped
first sublayer 240 between p-type layer 230 and boron-
doped second sublayer 250 is of primary importance to
the practice of the present invention, it 1s possible to
attain most of the advantages of the present invention
without including undoped third sublayer 260. In such a
case, boron-doped second sublayer 250 would extend to
the interface with n-type layer 270. '

The thickness of first sublayer 240 can also be ad-
justed relative to second sublayer 250 to optimize the
hole transport but still maintain an acceptable response
to blue light. The general doping scheme described
herein can be applied to similar devices with a wide
range of i-type layer thicknesses.

FIG. § is a cross-sectional view of a n-i-p photovol-

taic device 500 constructed in accordance with a second
embodiment of the present invention. PV device 500
includes a transparent substrate 510, a transparent con-
ductive layer 520, an n-type layer 530, and an i-type
layer 835 consisting of an undoped first sublayer 340, a
boron-doped second sublayer 550, and an undoped third
sublayer 560. PV device 500 further includes a p-type
layer 570 and a reflective conductive layer 580.

Transparent substrate 510 may be comprised of any
material transparent to the radiation to which the PV
device will be subjected, the preferred material being
glass. Transparent conductive layer 520 is formed by
coating a thin film of a transparent conductive oxide,
such as tin oxide, on transparent substrate 510, in the
same manner discussed above with respect to transpar-
ent conductive layer 220 (FIG. 2). N-type layer 530 is
deposited on transparent conductive layer 520 using
plasma-assisted chemical vapor deposition, in the same
manner as discussed above with respect to n-type layer
270 (FIG. 2). N-type layer 530 may be formed of an
hydrogenous amorphous silicon semiconductor com-
pound including silicon and phosphorous. When the
thickness of n-type layer 530 reaches approximately 120
A the deposition of n-type layer 530 is completed and
followed by a flush to eliminate phosphorous contami-
nation.

The i-type layer 535 is deposited on n-type layer 330
using DC plasma-assisted chemical vapor deposition.
The i-type layer 535 may be formed of any one of vari-
ous compounds of amorphous silicon such as a-Si;.
XYGex:H or a-Si;.xCx:H, but is preferably formed of
a-Si:H. To form i-type layer 535 of a-Si:H, SiHj41s used
as the source gas mixture. Undoped first sublayer 540 of
i-type layer 535 is deposited on n-type layer 5330 unti] it
reaches a thickness between 500 to 1670 A, at which

point the plasma deposition is interrupted. Undoped 60

first sublayer 540 is deposited in the same manner dis-
cussed above with respect to third sublayer 260 (FIG.
2).

To form boron-doped second sublayer 550, the
plasma deposition is resumed and includes a low flow of
a boron containing gas such as BoHg, BF3, or, prefera-
bly, B(CH3)3, mixed with the source gas mixture for
i-type layer 535. The flow of the boron containing gas

10
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may be varied during the deposition of boron-doped
second sublayér 550 in order to produce a graded dop-
ing profile. However, it is preferred to maintain the
flow of the boron containing gas constant. Second sub-

layer 550 is deposited in the same manner discussed
above with respect to second sublayer 250. When bo-
ron-doped second sublayer 550 reaches a thickness in

the range of 500 to 4000 A, the plasma is turned off and
followed by a long flush (approximately 20 min.) using
the gas mixture to be used for the deposition of third
sublayer 560. This flush eliminates the possibility of
residual boron contamination in the deposition of the
undoped third sublayer 560. The deposition of undoped

- third sublayer 560 is carried out in the same manner as
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discussed above with respect to first sublayer 240 (FIG.
2) and is stopped when the overall thickness of i-type
layer 835 reaches approximately 5,000 A. )

After the completion of deposition of i-type layer
535, p-type layer 570 is deposited on the i-type layer
using plasma-assisted chemical vapor deposition in the
same manner discussed above with respect to p-type
layer 230 (FI1G. 2). Preferably, p-type layer 570 com-
prises SiC containing a uniform boron concentration on
the order of 5Xx 1019 atoms/cm3. Deposition of p-type
layer 870 is complete when the thickness of p-type layer
870 is in the range of 100 to 120 A.

After the deposition of p-type layer 570 is completed,
reflective conductive layer 580 is deposited on p-type
Jayer 570 in the same manner discussed above with
respect to reflective conductive layer 280 (FIG. 2).
Reflective conductive layer 880 comprises a dielectric/-
metal reflective material, such as ITO/Ag, and has a
thickness of approximately 2000 A.

As will be apparent to those skilled in the art, certain
modifications can be made to the above-described sec-

‘ond embodiment of the present invention without de-

parting from the scope or spirit of the invention. For
example, because the existence of undoped third sub-
layer 560 between p-type layer 570 and borondoped
second sublayer 550 is of primary importance to the
practice of the invention, 1t 1s possible to attain most of
the advantages of the present invention without includ-
ing undoped first sublayer 540. In such a case, boron-

doped second sublayer 550 would be deposited directly
on n-type layer 270.

The thickness of undoped third sublayer 560 can be
adjusted relative to that of boron-doped second sub-
layer 550 in order to optimize the hole transport while
maintaining an acceptable response to red light at the
same time. The general doping scheme can be applied to
devices with an i-type layer thickness ranging from
2000 A to 10,000 A,

Because the PV device of the present invention pro-

- vides greater response to red light in the p-i-n configu-

ration than prior art devices which do not include a
doped i-type layer, it is desirable for use in a multijunc-
tion PV device, where the light entering the second or
third junction would be mostly red.

FIG. 6 shows a cross-sectional view of a multijunc-
tion photovoltaic device 600 constructed in accordance
with the present invention. PV device 600 includes a
transparent substrate 610; a transparent conductive
layer 620; a first PV cell 625 having a p-type layer 630,
an i-type layer 640, and an n-type layer 650; a second
PV cell 655 having a p-type layer 660, an i-type layer
670, and an n-type layer 680; a third PV cell 685 having
a p-type layer 690, an i-type layer 695 consisting of an
undoped first sublayer 700, a boron-doped second sub-
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layer 710, and an undoped third sublayer 720, and n-

type layer 730; and a reflective conductive layer 740.

Transparent substrate 610 and transparent conductive
layer 620, are constructed in accordance with the first
embodiment described above. First PV cell 625 incor-
porates, preferably, an i-type layer 640 with the highest
energy bandgap effective to absorb the short wave-
length light in the sun’s spectrum (<630 nm). Second
PV cell 655 is formed on first PV cell 625 and, prefera-
bly, incorporates an i-type layer 670, with a smaller
bandgap, than that of layer 640, to absorb lLight the
middle wavelength range (between 500-800 nm). Third
PV cell 685 is formed on second PV cell 685 and prefer-
ably incorporates i-type layer 695 with the smallest
bandgap to absorb light in the longest wavelength
range. The structure of i-type layer 695 is preferably
constructed in accordance with the first embodiment of
the present invention because of its increased efficiency
in the long wavelength range. Such an arrangement 1is
preferred because such a multijunction PV device uti-
lizes different ranges of the solar spectrum in the PV
cells of which it is comprised, in the most effective
manner. The structure used in the first embodiment can
be also used in the second PV cell 655 to enhance its
overall collection efficiency.

It is also possible to construct a mulitijunction PV
device, in accordance with the present invention, hav-
ing only two PV cells. In this case it would be prefera-
ble to construct the first PV cell in accordance with
prior art PV cell exhibiting high efficiency in the short
to middle wavelengths range, and to construct the sec-
ond PV cell in accordance with the first embodiment of
the present invention because of its increased efficiency
in the middle to long wavelengths range.

A multijunction PV device can also be constructed
using n-i-p PV cells. In such a device, all cells can be
constructed in accordance with the second embodiment
of the present invention because it enhances charge
collection for all wavelengths.

Although the construction of a multyjunction PV
device in accordance with the present invention has
only been described using two to three PV cells, the
present invention is not limited to the number of cells
employed. As will now be apparent to those skilled in
the art, it is most important that the last cell be con-
structed in accordance with the present invention, in
order to provide that cell with an increased efficiency in
the long wavelength range.

The particular doping scheme is not limited to the use
of boron as the dopant in the i-type layer, and is essen-
tially applicable to any dopant which will achieve the
same effect, namely enhancing hole transport at the
expense of electron transport. Other possible dopants
include Al, Ga, or other suitable group III elements.

The foregoing description of preferred embodiments
of the invention has been presented for purposes of
illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form
disclosed, and modifications and variations are possible
in light of the above teachings or may be acquired from
practice of the invention. The embodiments were
chosen and described in order to explain the principles
of the invention and its practical application to enable
one skilled in the art to utilize the invention in various
embodiments and with various modifications as are
suited to the particular use contemplated. It 1s intended
that the scope of the invention be defined by the claims
appended hereto, and their equivalents.
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What 1is claimed is:
1. A photovoltaic cell, comprising:
a p-type layer of a semiconductor compound includ-
ing silicon
an 1-type layer of a single amorphous semiconductor
compound including silicon, said i-type layer in-
cluding
an undoped first sublayer formed on said p-type
- layer, |
a doped second sublayer doped with a p-type dop-
ant and formed on said first sublayer, and
an undoped third sublayer formed on said second
sublayer; and -
an n-type layer of a semiconductor compound includ-
ing silicon formed on said i-type layer.
2. The photovoltalc cell of claim 1, wherein said
i-type layer comprises a-Si:H.
3. The photovoltaic cell of claim 1, wherein said
i-type layer comprises a-Sii.xGex:H.
4. The photovoltaic cell of claim 1, wherein said
i-type layer comprises a-Si;.yCx:H.
5. The photovoltaic cell of claim 1, wherein said
p-type layer comprises SiC.
6. The photovoltaic cell of claim 5, wherein said

p-type layer contains a uniform boron concentration of
about 5X 1019 atoms/cm3.

7. The photovoltaic cell of claim 1, wherein said
p-type layer has a thickness of 100-120 A, and said
1-type layer has a thickness of approximately 5000 A.

8. The photovoltaic cell of claim 1, wherein said
doped second sublayer 1s doped with a material selected

from the group consisting of boron, aluminum, and
gallium.

9. The photovoltaic cell of claim 8, wherein said
p-type dopant is boron.

10. The photovoltaic cell of claim 9, wherein the
boron doping concentration in said second sublayer is
no greater than 10 ppm.

11. The photovoltaic cell of claim 9, wherein the
boron doping in said second sublayer is uniform.

12. The photovoltaic cell of claim 11, wherein the
boron doping concentration in said second sublayer is
no greater than 10 ppm.

13. The photovoitaic cell of claim 1, wherein said
n-type layer has a thickness of 200-300 A, and said
i-type layer has a thickness of approximately 5000 A.

14. A photovoltaic device, comprising:

a transparent substrate;

a transparent electrode formed on sald transparent

substrate;

a p-type layer formed on saxd transparent electrode;

an i-type layer of a single amorphous semlconductor

compound including stlicon formed on said p-type

layer and including

an undoped first sublayer formed on said p-type
layer,

a doped second sublayer formed on said first sub-
layer, and |

an undoped third sublayer formed on said second
sublayer;

an n-type layer formed on said third sublayer; and

a reflective electrode layer formed on said n-type

Jayer.

15. The photovoltaic device of claim 14, wherein said
doped second sublayer 1s doped with boron.

16. A multijunction photovoltaic device, comprising:

a transparent substrate;
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a transparent e]ectrodc formed on said transparent
substrate;
a first photovoltaic cell formed on said transparent

electrode;
a second photovoltaic cell formed on said first photo-

voltaic cell and comprising,

a p-type layer formed ad_]acent sald first photovol-_

taic cell, |
an i-type layer of a single amorphous semiconduc-
tor compound including silicon formed on said
p-type layer and including
an undoped first sublaycr formed on said p-type
~ layer,
a doped second sublayer formed on said first
sublayer, and
an undoped third sublaycr formcd on said second
sublayer, and
an n-type layer formed on said third sublayer; and
a reflective electrode layer formcd on said n-type
layer. L
17. The multuunctlon photovoltalc dcwcc of clann
16, wherein said doped second sublayer is doped with

boron.
18. A multijunction photovoltaic device, comprising:

a transparent substrate;
a transparent electrode formed on said transparent

substrate;
a first photovoltalc: cell formed on said transparent

electrode;
a second photovoltaic cell formed on said first photo-

‘voltaic cell;
a third photovoltaic cell formed on said second pho-

tovoltaic cell, said third photovoltaic cell including
a p-type layer formed adjacent said second photo-
voltaic cell,

10

12

an i-type layer of a single amorphous semiconductor
compound including silicon formed on said p-type
layer and including
an undoped first sublayer formed on said p-type
layer,
a doped second sublayer formcd on said first sub-
layer,and = .
an undoped third sublaycr formcd on said second
sublayer, and
an n-type layer formed on said third sublayer and a
reflective electrode layer formed on said n-type
layer.
19. The multijunction photovoltaic device of claim
18, wherein said doped sccond sublayer is doped wuh

15 boron.
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20. A photovoltaic device, comprising:
a transparent substrate;
a transparent electrode formed on said transparent
substrate;
an n-type laycr formed on said transparent electrode;
an i-type layer of a single amorphous semiconductor
compound including silicon formed on said n-type
layer, said i-type layer including
an undoped first sublayer formed on said n-type
layer,
a doped second sublayer doped with a p-type dop-
ant and formed on said first sublayer, and
an undoped third sublayer formed on said second
sublayer;
a p-type layer formed on said third sublayer; and
a reflective electrode layer formed on said p-type
layer.
21. The photovoltalc device of claim 20, wherein said
p-type dopant is boron
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